The effects of uncertainty are examined on a Center-wide, ground-based automated conflict detection and resolution algorithm at one, two and three times current traffic demand level. The required horizontal separation radius is varied between four and nine nautical miles as a proxy for trajectory uncertainty. Sensitivity of the algorithms' performance to demand and uncertainty is studied in fast-time simulation of the Cleveland Center airspace. Results show the performance of the conflict detection and resolution algorithms is predictable across all cases: when the horizontal separation radius is reduced, performance improves; when the demand level is increased, performance degrades. There is a significant decrease in performance in terms of average delay per resolution in the cases combining the highest demand level and horizontal separation radius. Algorithm performance degradation is first observed in the arrival environment, where constraints are most prevalent. The algorithms show no major performance degradation for conflicts occurring outside of the arrival environment.
I. Introduction
urrent forecasts predict a steady growth in the demand for air travel across the National Airspace System (NAS), which in its present form is already impacted by capacity constraints. As one of those en-route capacity constraints is controller cognitive workload, research in both Europe and the U.S. into automated separation assurance systems is being conducted as a means of increasing the en-route capacity to help meet the anticipated growth in demand. Among the inherent challenges is understanding how such systems perform in the presence of uncertainty. Most studies to date focus on the overall performance of automated separation assurance tools using deterministic trajectory models, 1, 2, 3 though some recent studies look at the effects of specific sources of uncertainty, such as wind, weight, and pilot response delays in these models. 4, 5 None of these studies, however, is a sensitivity study that can inform system designers of the operating limits of their prototype separation assurance systems. The present work seeks to provide such feedback. This paper describes an experiment that studies the sensitivity of an automated separation assurance tool to the presence of horizontal trajectory uncertainty. This study is limited to the effects of horizontal uncertainty only, and horizontal separation standards in particular, so as not to overlap with concurrent work focusing on vertical uncertainty. 6 By evaluating a range of horizontal separation standards and traffic demand levels, a general picture of the cost/benefit landscape in terms of the performance of the automated separation assurance tool could be created. This would help answer some basic questions about what the presence of uncertainty would mean for a system like this. First, assuming five nmi as a nominal standard, what is the benefit of decreasing horizontal separation assurance standards, and how do those benefits scale with traffic demand level? It is logical to assume that lower horizontal separation requirements, which would correspond to less trajectory uncertainty, would produce some benefits to the system. The scope of those benefits, however, is currently unknown. Second, again assuming five nmi as a nominal standard, what is the cost of adding extra buffer to the required horizontal separation standard, and how does it scale with traffic demand level? This would correspond to less stringent requirements for things like aircraft equipage, which might translate to significant cost savings for an airline. However, if the cost in terms of such things as delays and resolution efficiency becomes large enough, then an argument for requiring improved equipage becomes easier to make. Additionally, if the current standard of five nmi remains unchanged, the implementation of an automated separation assurance tool would almost certainly require the addition of some
II. Technical Approach
The experiment was run in the Airspace Concepts Evaluation System (ACES) 8 simulation environment, using the Advanced Airspace Concept (AAC) as the ground-based automated separation assurance tool. ACES is a fasttime simulation capable of simulating the entire NAS, though for this experiment it was decided to use a single center, Cleveland Center, for simplicity's sake. AAC, as mentioned in the introduction, was the automated conflict resolver used in this study. It received a list of conflicts from the conflict detection algorithm in ACES every two minutes, and sent back resolutions in the form of flight plan updates. The version of AAC used in this study utilized what is called the "multiple resolver." This means that AAC did not take the first successful resolution it found for a specific conflict. Instead it would try to find a variety of resolutions, such as a left turn, right turn, path offset, altitude adjustment, and/or speed adjustment, then pick the "best" of the successful resolutions to send back to ACES as the actual resolution maneuver. "Best," in this case, meant the least delay resolution. This tended to drive AAC to vertical maneuvers when they were available, as they often have little impact on delay. This version of AAC also had a scheduling algorithm that was used in arrival cases. This algorithm was a "first come, first serve" type that sought to keep aircraft headed into a terminal fix at least one minute apart. This helped ensure a relatively smooth flow of traffic into these fixes. In one sense, the scheduler preconditions the arrival traffic, which makes the separation assurance algorithm's job much simpler than it would be without the scheduler. However, Traffic Flow Management is a concept that is already seeing acceptance in the field, and it seems a logical assumption that such technology will be available for integration with an automated separation assurance tool when a system such as AAC begins to see use in the real world. With that said, it must be noted that the results of the study, especially in the arrival traffic environment, would be quite different without the presence of some kind of scheduling algorithm.
The conflicts in this study can be broken into two main categories: arrival conflicts and everything else. The nonarrival cases include overflights in addition to cases where one aircraft is passing through an arrival stream. Arrival conflicts, also called "merging arrivals," are defined by Farley as "projected conflicts between two aircraft on arrival to the same arrival fix and within 20 minutes flying time of that fix." 1 For these data, the definition of arrival is expanded to include all aircraft heading for the same arrival airport. It might be asked why the arrivals case is treated separately when it involves such a limited portion of the data set. The reason is that the arrival conflict cases are often quite complicated to solve, as not only are aircraft often in a descent for at least part of the conflict, but the fact that they are so near to their final fix can limit the maneuvering options available, as some of them would not allow the aircraft to make it back to its flight plan in time to hit that fix. Additionally, there are often other aircraft in the immediate airspace around the terminal, which increases the likelihood that a trial resolution might be rejected because it would cause a secondary conflict. For those reasons, arrival conflicts are treated as their own subset of conflicts, while everything else is grouped in the non-arrival bin. The conflict detection algorithm also treats these two groups of conflicts differently, scanning ahead 8 minutes for non-arrival conflicts, 20 for arrivals. Finally, aircraft that are maneuvered by the scheduler are not included in either conflict bin. Because the scheduler is integrated with AAC, it can use the conflict resolution logic to check potential scheduling maneuvers to ensure that they are conflict free before sending the maneuver off to ACES and the aircraft in question.
The experiments involved changing the required horizontal separation for the conflict detection and resolution algorithms. The horizontal separation radii used for the detection algorithm in this study were four, five, six, and nine nmi. The case with a horizontal separation radius of five nmi for the conflict detection algorithm was treated as the baseline, as that radius is the current minimum standard. As such, four and six were used to note the effects of variations around this case. Nine nmi was chosen mostly to stress system. We wanted an upper end to our study that was larger than was likely to be seen in a real world implementation, while not being so large as to be completely beyond the scope of possibility. A two nautical mile buffer was added to the conflict detection radius for the resolution logic in all cases, as in the work by Farley, Kupfer, and Erzberger 1 . This was done to account for the real world likelihood that a resolved conflict may reoccur during the course of the resolution due to uncertainties such as wind. For a 10 minute resolution trajectory, two nmi was seen to greatly reduce the chance of this occurring. Adding too many miles to this buffer might adversely affect the performance of AAC, while too few might not adequately reduce the chance of a conflict reoccurring. Therefore, the baseline case, for example, uses five nmi of horizontal separation for detection and seven for resolution. Cases were run in series on the same computer using the same version of ACES and AAC.
Additional conditions included using 960 feet of vertical separation for the conflict detection algorithm for all cases. The vertical separation of just under 1,000 feet was used for coding concerns. There was no buffer added to the vertical separation criterion, so the same value was used for both the detection and resolution algorithms. The traffic data for the 1X case were based on 24 hours of traffic from a single day; April 19, 2007. The traffic demand sets for 2X and 3X cases were created from this initial day using AvDemand. 9 These demand sets are the same ones used in Kupfer's recent work 2 . Due to constraints within the simulation, such as the lack of any control at the terminal level, the arrival traffic was manually set to 1.5X for hub airport traffic for both the 2X and 3X cases. This was done by examining all of the aircraft in the 2X and 3X cases that were arriving at hub airports in the NAS, and reducing that number in the input file until it matched a rate of 1.5 times the rate in the 1X case. There were 7,714 total active flights in the 1X case, 15,066 in 2X, and 19,686 in 3X.
The four main metrics of interest were the number of resolutions, the number of unresolved conflicts, the average delay per resolution, and the average number of attempts required to find a resolution. Comparing the number of resolutions and the number of unresolved conflicts helps give us an idea of how complicated the airspace became and how well the system performed overall. The overall point of a separation assurance system is to maintain adequate separation between aircraft, whatever that separation is deemed to be. The average delay helped us understand how efficiently the system ran. Less delay per resolution means less disruption to the originally filed flight plans, which can also help with things such as minimizing fuel burn for a flight. The fourth metric was the number of attempts required to find a resolution. This metric is used to describe "workload," which in this paper refers to how much effort is required to find a solution for an individual conflict. There are a limited set of possible resolutions available for AAC to use to solve a given conflict. As the number of attempts required to find a successful resolution increases, the likelihood of seeing unresolved conflicts or high delay resolutions also increases. In practical terms, the behavior of this metric can indicate how close AAC is to the edge of its operating envelope.
III. Results
The following table summarizes the general results of this sensitivity study. As mentioned in section II, the two independent variables were required horizontal separation for the conflict detection algorithm and the traffic demand level. The three main metrics of interest were the number of resolutions and unresolved conflicts, the average delay per resolution, and the average number of attempts required to find a resolution. The results in Table 1 clearly show that increasing both density and required horizontal separation results in a greater number of conflicts, a larger average delay per resolution, and more resolution attempts to find a solution.
There are a few interesting points from this table. First would be the non-linear scaling of the number of resolutions with both traffic demand level and the separation criteria. Moving from five nmi to six, for example, increases the number of resolutions issued for all demand levels by roughly 30%. However, changing the radius from five nmi to nine produces an almost 140% increase in the number of conflicts at 1X and 2X, and over 150% at 3X. Holding separation radius fixed while moving traffic demand levels has a similar effect. The point to note from this column is that the horizontal separation radius and traffic demand level have mostly independent effects on the number of resolutions. It was also encouraging to note that the failure cases only appear in the three cases with the highest resolution counts. For the overall numbers, the percentage of successful resolutions from AAC was over 99.97% for all tested demand levels and horizontal separation radii.
The second point is that the average delay per resolution follows a generally upward trend for both increasing horizontal separation standards and traffic demand level. There is a notable exception to this when moving from four nmi to five at three times traffic density. This will be examined in more detail later in this paper. For now, it should be pointed out that the gross effect of increasing both the horizontal separation standards and the traffic demand level is to increase delays, and that increasing both of these factors together can result in some significant delay increases.
The last point on this table is that the number of resolution attempts required to find a suitable resolution is much more sensitive to required horizontal separation than for changes in traffic demand level. However, it should be noted that the nine nautical mile case seems to show slightly more sensitivity to demand than the other cases. This result further supports the idea that the resolution algorithm is relatively stable at lower separation radii, though once the separation radius passes a certain point, the effects of the demand level begin to impact the performance of the algorithm.
A. Non-Arrival Conflicts
The data for the non-arrival conflicts are shown below in Table 2 . As mentioned previously, non-arrival conflicts consist of all conflicts that are not arrival conflicts.
This table shows the general data for the non-arrival conflicts. The first area of interest is the resolution and unresolved conflict count. Firstly, there were a handful of unresolved conflicts that were filtered out of these cases, all of which had less than two minutes to loss of separation when first detected. These cases were caused by boundary issues within the code, such as an aircraft popping into the center airspace from a TRACON and immediately being in conflict with an aircraft descending into its final fix. As AAC was designed and intended to operate solely in a strategic environment, and as conflicts with less than two minutes to loss of separation were seen as below the lower limit of a strategic resolver, those conflicts were considered beyond the scope of this study and were filtered out. The result was a single case in which AAC was unable to resolve a conflict in the non-arrival environment. This one case was difficult as it involved both a climbing and descending flight, and had the climber passing through an arrival stream. The only other point to make about the resolution and unresolved conflict counts is the evident fact that the number of conflict resolutions required increased with increases in both traffic demand level and horizontal separation. However, the rate at which the numbers increased moving from 2X to 3X was smaller than expected. This could be partially the result of the manual reduction of the arrival traffic to 1.5X. Though the reduced arrival rate was implemented to deal with some artifacts of the simulation near the final fix, the aircraft it removed would have otherwise been flying through the airspace and possibly getting into non-arrival conflicts on their way to their final fix. The fact that the airspace in question was Cleveland Center helps mitigate this somewhat, as that center has a large number of overflights, which needed no reduction. Still, the reduced overall traffic is a major suspect for the reason the number of resolutions is not higher in the 3X, non-arrival cases.
The second area of interest on this chart is the average delay per resolution, which does not vary much for a given horizontal separation radius, though that variation is a little larger for the six and nine nautical mile cases than the four and five. Additionally, for a fixed demand level, every extra mile of required horizontal separation increases the average delay per resolution by about three seconds. This holds true for all demand levels in the non-arrival environment. This shows that, for the non-arrival conflicts, the conflict resolver has a small sensitivity to both demand level and separation radius. While it is true an increase of a few seconds is a huge percentage increase in average delay for some of the lower horizontal separation radius cases, we felt that the absolute change in delay was a better indication of sensitivity. This result confirms the idea that, at least for non-arrival conflicts, AAC should be able to efficiently maintain separation almost regardless of the required horizontal separation and the traffic demand level.
Finally, we looked at the average resolution attempts required to find a successful resolution. These data give an indication of how hard AAC is working to find a solution for a problem. The results show little variation for a fixed horizontal separation radius, though the 1X cases take fewer attempts than the 3X cases for any given radius. Increasing that horizontal separation radius seems to add about one resolution attempt to each conflict per nautical mile added. All of these trends support the assertion that AAC is perfectly capable of handling all of the test cases we ran in the non-arrival environment. From the benefit's point of view, the resolution attempts data do not give much support to the case for smaller separation standards. While decreasing the required horizontal separation radius from five to four nmi results in fewer conflicts, once the conflict gets to the resolution algorithm, a smaller radius is not saving the algorithm much work. This result is most likely due to the multiple resolver logic. This code lets AAC attempt to find a handful of successful resolutions before choosing one. That strategy not only improves the likelihood that for a given conflict AAC will be able to find an efficient solution, but it also tends to even out the number of resolution attempts for conflicts. We believe this is more than a fair trade, as the extra work AAC might go through to find multiple solutions is more than offset by the extra efficiency of the solutions obtained. 2 show examples of how the delays break down for a given demand set. In Fig. 1 we see the average delay per resolution maneuver for different classes of maneuvers. It is no surprise that most of the high delay maneuvers are horizontal maneuvers. This is part of the reason that AAC tends to choose vertical maneuvers when it can, as they usually have significantly less delay per resolution than horizontal maneuvers. Resolution maneuvers using speed increases, though limited to an increase of 15 knots or less, are also used to save time when available. However, the number of non-arrival conflicts that are solvable with speed adjustments are quite limited, as evident in Figure 2 .
The general trends of Figure 1 are not unexpected. One example would be the delay per resolution maneuver for horizontal resolution maneuvers, which increases by about 5 seconds per nautical mile added or subtracted to the required horizontal separation radius. The average delay per resolution maneuver for vertical maneuvers shows no real trend, though the average values for the 4 radii are within about a 4 second range. The fact that speed resolution maneuvers show less benefit as the horizontal radius increases is interesting, as it implies that increases in separation radius lessen the effectiveness of these maneuvers. However, the difference between the average delays of the highest and lowest cases is only about 6 seconds, which is a small variation for the basis of a conclusion. Finally, the "Direct-To" maneuvers, as with the vertical ones, do not show any definite trend. They average between about 68 and 77 seconds of time savings for each maneuver, with the highest savings per maneuver at nine nmi and the lowest at six.
Those "Direct-To", or "D2", maneuvers are one of the more interesting features of these figures. These are resolution maneuvers that send an aircraft to some fix further along in its flight plan. These maneuvers result in both the conflict being resolved and the aircraft saving time by skipping over part of its original flight plan. Technically, these maneuvers take place in the horizontal plane. However, unlike the other horizontal resolution maneuvers, which also take an aircraft off of its original flight, D2 maneuvers do not try to immediately bring an aircraft back to its flight plan once the conflict is cleared. It was this fundamental difference in approach, as well as the vastly differing delay per resolution results, that justified separating D2 maneuvers from other horizontal resolutions. As these D2 maneuvers can be difficult to find, especially in more crowded airspace, there are not many as a percentage of the overall number of resolutions. Nevertheless, even at very high separation radii these maneuvers save a lot of time on a per resolution basis. Of course, as the horizontal separation radius increases, the number of D2s available decreases, so the time savings as applied to an average delay per resolution decreases even though the data show the time savings per D2 is higher at nine nmi than it is at four. These maneuvers are the reason there was a net negative delay per resolution for the 1x, four nautical mile case, as a handful of D2 maneuvers can accumulate a very large times savings. In fact, in every case we ran, D2 maneuvers averaged around a minute of time savings per maneuver.
These two figures also show a few interesting trends in the choices AAC makes about which resolution maneuvers to use. The first would be that the percentage of resolutions that use vertical maneuvers is relatively 
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Figure 2. Resolution breakdown by maneuver type for non-arrival resolutions at 1X traffic demand level
constant In addition, the relative simplicity of these maneuvers helps keep the delay per resolution on the scale of around 7 seconds. However, the number of horizontal maneuvers is greatly increased as the horizontal separation radius increases. The increase in these maneuvers is the result of the decrease in the number of D2 and speed change maneuvers. It is this increase in the percentage of horizontal maneuvers as much as the increased delay per horizontal maneuver that is causing the large increases in the average delay per resolution for the overall results of non-arrival conflicts. We expected that increased separation radii would result in more delay for horizontal maneuvers, if only because the aircraft must fly farther to get clear of a conflict. What we did not expect was that AAC would be forced to use so many more traditional horizontal maneuvers as an additional result of increasing horizontal separation radius. In the end, we can say that it is quite probable that the sensitivity in AAC to required horizontal separation is increased as a result of the use of D2 and speed change maneuvers. Without these maneuvers, there would likely be far more horizontal maneuvers in all cases, and the average delay per resolution would be far less sensitive to this parameter. This result also points out that reducing the number of horizontal resolution maneuvers can have a significant impact on the average delay per resolution. While this is a relatively apparent result, it does emphasize that further improvement upon AAC's average delay per resolution will need to successfully reduce the number of resolution maneuvers in the horizontal plane other than D2's. Whether or not this high emphasis on vertical resolution maneuvers in non-arrival conflicts is desirable from viewpoints other than resolution efficiency is beyond the scope of this paper. Figure 3 shows a breakdown of the number of resolution attempts required to find a successful resolution for a conflict in the non-arrival environment. Each bin is 5 resolution attempts wide. This chart is a visual confirmation that the shift in the average number of attempts required for a resolution is due more to a shift in the center of the distribution than a shift in the shape of the curve. The resolution attempts curve is certainly flattening out, and would most likely continue to flatten if the horizontal separation radius were further increased. However, as it is unlikely that the required horizontal separation would be increased to over nine nmi in a real world situation, the behavior of AAC beyond that point is of reduced interest. In the case where AAC was beginning to struggle, we would expect the distribution to be much more flattened out, with significantly more cases requiring large numbers of resolution attempts. These curves, then, can be used as a check on how close AAC is to the edge of acceptable performance. As such, we can say that these curves support the assertion that AAC is stable for all of the separation radii tested for cases based on our selected day of traffic.
B. Arrival Conflicts
The arrival conflicts consist of conflicts between two flights that are headed to the same airport. In this area, AAC has some additional functionality to help handle aircraft in this difficult environment. Specifically, it utilizes a first come, first serve arrival scheduler. The scheduler tries to maintain at least one minute of separation between flights as they pass into the terminal area. This forces a lot of interaction between the conflict detector and the scheduler logic, if for no other reason than to limit the number of cases in which both sets of logic are trying to address the same aircraft at the same time. The results of this from an AAC point of view are much smoother operations when dealing with arrivals. Unfortunately, from an analysis point of view, this makes truly separating the conflict data from the scheduler data difficult if not impossible. Perhaps in later versions of this code there will be ways to more easily separate the cases. As it currently stands, however, the scheduler and arrival conflict logic need to be looked at together, at least in the realm of conflicts and failures.
The way conflicts are defined is important to note, because the scheduler and arrival conflict resolution logic is the same at its core. Thus the general method of addressing a problem is the same. In both cases, the logic will try to satisfy some criteria by using flight plan amendments. In the case of an arrival conflict, the goal is to maneuver so that separation is not lost. The scheduler, on the other hand, is dealing with a single aircraft and seeks to maneuver it in such a way that there is at least a minute between all aircraft headed for the same fix. The scheduler also checks to ensure that all separation standards are maintained through its resolutions. The difference between the arrival conflict and a scheduled aircraft is that a failure of the conflict resolution logic in the arrival environment is certain to result in a loss of separation. For the scheduler, however, a failure simply means that the algorithm could not find a time slot for the aircraft without exceeding some maximum allowable delay. While this type of failure will likely result in a loss of separation, it does not guarantee that there will actually be one. This is all complicated by the interaction between flights that have failed to schedule and the conflict detector logic. At the time of this paper, that aspect of the logic was still being examined.
A last point to make when looking at the arrival data in general is the reminder that the density of arrival traffic was manually lowered to about 1.5X for all of the 2X and 3X cases. As such, though the direction of trends might be accurate for a full 2X or 3X run, the rate of change that results from increasing traffic demand level is most likely underestimated for all of our numbers.
The first thing to notice about Table 3 is resolution and unresolved conflict data. As mentioned earlier, the exact resolution count must be taken with a grain of salt because of the complicated interaction between arrival conflicts and aircraft that have been through the scheduler and the reduced number of arrival aircraft in the 2X and 3X demand sets. Still, it is useful to look at the cases that were qualified as arrival conflicts to see how the conflict resolution algorithm performs in this environment. Also, the fact that there were unresolved conflicts in multiple cases should be noted. The fact that all of these unresolved conflicts happen in the most difficult cases implies that AAC might be nearing the edge of its current performance envelope.
The average delay per resolution is where the first few points can be made. In the four, five and six nautical mile horizontal separation cases, there was around a 30 second increase when moving from 1X to 3X for a fixed radii. The nine nautical mile cases showed a 52 second increase in the average delay per resolution moving when comparing 1X to 3X. In addition, every nautical mile increase in the horizontal separation for a given demand level resulted in roughly 10 seconds being added to the average delay per resolution. However, when moving from six to nine nmi the change per nautical mile was closer to 13 seconds for 1X and 2X demand levels, and 20 seconds per nautical mile for 3X. Thus, the efficiency of AAC's conflict resolution maneuvers in the arrival environment is sensitive to both changes in traffic demand level and required horizontal separation. This sensitivity is expected to be even more pronounced if full 2X and 3X arrival traffic is used. Unfortunately, the near linear trends observed in the data would probably not hold for these cases. The last point is the average resolution attempts per resolution. Again, this is a metric that lets one get a feel for the workload of the conflict resolution algorithm in terms of the difficulty solving an individual conflict. Cases with higher resolution attempt values are more likely to see high delay resolutions or unresolved conflicts. For these data, except for the nine nautical mile cases, the data showed this parameter was more sensitive to required horizontal separation than traffic demand level. For the nine nautical mile cases, there was some increased sensitivity to demand level. This is not a surprise when we consider the other data for the arrival case, which shows that nearly all of the parameters show increased sensitivity for these cases.
These data point to arrival conflicts being significantly more sensitive to both changes in demand level and required horizontal separation than the non-arrival cases. For the arrivals in general, changing horizontal separation and traffic demand had a noticeable effect on the average delay for a resolution, though only changes in the horizontal separation seemed to affect the average number of resolution attempts required. Additionally, the increased sensitivity shown in the nine nautical mile arrival cases implies that the system might have a limit somewhere above the range of variables we tested. Most likely, increasing the horizontal separation radius beyond nine nmi should produce ever increasing trends until AAC is no longer able to adequately handle the traffic. However, as nine nmi is already a horizontal separation radius that is considerably larger than today's standards, it is unlikely that AAC would be tasked to handle cases like those in the real world. As such, all one can say from these data is that, for the reduced arrival traffic cases which were examined, AAC showed it was quite capable of handling conflicts safely, with the possible exception of the nine nautical mile, 3X case. 5 show the average delay per resolution for the arrival cases and the percentage of resolutions that used each class of maneuver, respectively. The first thing to note is the absence of D2 maneuvers that played such a large role in the non-arrival environment. With aircraft so close to their final fixes in the arrival cases, these D2 maneuvers do not work nearly as well, so they are not used. One of the other things to keep in mind with these charts is that the conflict detection logic is looking ahead 20 minutes to scan for arrival conflicts, which gives AAC more time to find a solution and more options for finding a solution than it would have with the same time window the non-arrival logic uses.
With all this in mind, one of the notable features is the very large increase in the delay of horizontal maneuvers due to increases in horizontal separation radius. Many of these resolutions have large times to first loss, and a resolution algorithm that is trying to minimize delays. Even so, when forced to use a horizontal maneuver in the arrival environment the delay is much more sensitive to increases in horizontal separation than it was in the nonarrival cases. The increase in the arrival case is on the order of 20 seconds per nautical mile, as opposed to the roughly 5 second per nautical mile increase seen in the non-arrival cases. This shift is likely due to the extra complexities involved with moving an aircraft horizontally in the arrival environment while avoiding secondary conflicts from all the other aircraft sharing the airspace. Figure 5 shows that, like the non-arrival cases, increasing the horizontal separation radius drives up the number of horizontal resolutions used.
A second point of note in these figures is the relatively small role that vertical maneuvers play in the arrival cases. With the low number of vertical resolution maneuvers used (Fig. 5) , the variation in the average delay per resolution with changes in horizontal separation radius for those maneuvers is easier to understand. With so few vertical maneuvers, a few outliers can significantly affect the average, which is part of what happened here. Even so, the changes in the average delay per resolution for these maneuvers were much larger than anticipated.
Part of the reason there are so few vertical maneuvers in these cases could be because of the number of speed resolutions. It was not surprising that AAC would prefer to use speed resolutions when possible, as they usually have such low delay. However, the fact that AAC found so many successful speed resolutions in the arrival environment was initially unexpected. Some probable explanations include the large amount of time AAC has to deal with conflicts in the arrival environment. With up to 20 minutes to examine a conflict, the time the aircraft has to respond is significantly more than in the non-arrival cases. As such, it is easier to find speed resolutions in these cases, whereas those resolutions might not maneuver an aircraft fast enough in a conflict with only 6 minutes to first loss instead of 16. It should also be remembered that there is a scheduler operating on many of the arriving flights. As such, even though the airspace might be more crowded than in a general, non-arrival case, there should be more order in the arrival cases. Fortunately, this is a situation one could expect in a real world implementation, as traffic flow management tools and arrival schedulers are already in use in some centers. As such, it seems logical to assume that any real world implementation of AAC would be able to take advantage of such tools, as well. It is also notable Figure 6 shows what the 1X breakdown of the arrival attempts required to find a resolution looks like for the 1X case. It is immediately evident that the shift in the mean is larger than it was in Fig. 3 .
IV. Discussion
The non-arrival cases showed very little sensitivity to either traffic demand levels or required horizontal separation. In the general sense, this implies that AAC is stable, at least for these settings and this day of traffic. This is the kind of behavior one would want from a code being used to help handle a safety critical system with a wide range of possible scenarios. These results also show some of the benefits of reducing required horizontal separation. Though there is not much difference in the average delay per resolution moving from five to four nmi, there is a 20-25% reduction in the number of issued resolutions for all demand levels. That works out to roughly 550 fewer resolutions in the non-arrival environment at 3X. That reduction in the number of resolutions combined with the lower delay per resolution works out to 119 minutes of overall delay savings for moving from five to four nmi.
The arrival case was sensitive to both demand level and required horizontal separation. In these cases there were some unresolved conflicts in the highest demand and separation radius cases. While a strategic resolver is expected to have a tactical, safety-critical backup, it is still desirable to keep the number of unresolved strategic conflicts as low as possible. AAC showed better than a 99.8% success rate in all cases. Of greater impact is the large spread in average delay per resolution, which changes from about 19 seconds for the case most representative of today's NAS to 1 minute and 59 seconds in the 9 nautical mile, 3X case. While it is unlikely that the real-world would see such a large horizontal separation radius coupled with such a dense traffic level, the data show a definite negative impact to resolution efficiency with increasing demand and/or required horizontal separation. In addition, moving from five to four nmi of horizontal separation appears to have some benefit in the arrival environment, saving over 10 seconds per resolution even at just 1X. Recall, however, that the arrival traffic in the "2X" and "3X" cases were reduced to roughly 1.5X. If a full 2X or 3X scenario were run, it is likely that the differences between all of the horizontal separation radii would increase for the two higher demand levels. That would also increase the benefit of using a smaller radius in arrival cases. Unfortunately, the relatively small number of arrival cases compared to non-arrival cases means that the overall benefit of a reduction in horizontal separation standards is likely to remain small, though it could be significantly more in a center with a greater percentage of arrival traffic.
The average amount of work AAC had to do to find a successful resolution algorithm increased substantially in the worst-case scenarios. This increase in the number of resolution attempts in those scenarios implies that those unresolved conflicts are probably not outliers, and that the number of unresolved conflicts is likely to keep increasing if AAC is stressed with horizontal separation requirements greater than nine nmi in a heavy arrival scenario. This is a concern, as it implies that AAC could have trouble finding resolutions in higher density arrival scenarios that use demand sets with full arrival traffic as opposed to the 1.5X arrival sets used in this study. In the end, however, even though AAC had to struggle to find resolutions in the most demanding cases and was not able to find particularly efficient conflict resolutions, it was nevertheless able to resolve virtually all of the detected conflicts.
The data raise a number of interesting questions. For example, how can speed maneuvers, which are generally more efficient and more favorable from a flight operations perspective, be used more often in non-arrival cases? If we increased the look-ahead time horizon for the conflict detection algorithm to 20 minutes, as it is for arrival conflicts, would that allow AAC to use more speed resolutions and fewer path stretches? The extra time would certainly come with the cost of increased uncertainty in the trajectory, which would likely require larger separation criteria and increase the number of conflicts detected, but would there be enough reduction in the number of path stretch maneuvers to justify the change?
V. Conclusion
Overall, AAC was able to safely handle conflicts over the entire range of horizontal separation radii and traffic demand levels tested. In non-arrival cases, AAC was also able to consistently find efficient conflict resolutions for a wide range of traffic demand levels and horizontal separation radii. In arrival cases, AAC showed reduced efficiency and increased single conflict workload as both the horizontal separation and traffic demand levels were increased.
In the non-arrival environment, AAC had little sensitivity to either traffic demand levels or horizontal separation radii in regards to the number of unresolved conflicts, the average delay per resolution maneuver, and the number of resolution attempts required by the algorithm to find a successful resolution. Non-arrival delays showed no real trend for demand level increases, though the 3X cases had between 3 and 5 seconds extra delay per resolution. Each increase of one nautical mile of horizontal separation produced around 3 seconds of extra delay and 1 more resolution attempt per resolution in all cases for a given demand level.
In the arrival environment, the average delay per resolution and number of resolution attempts required to successfully resolve a conflict were sensitive to both separation radius and demand levels. The number of unresolved conflicts metric was slightly sensitive to large horizontal separation radii and high demand levels. AAC was still able to safely separate all traffic for every case except the nine nautical mile cases at 2X and 3X and the six nautical mile case at 3X. For those three cases, AAC still resolved over 99.8% of all conflicts. Each step up in demand level increased the average delay per resolution by 10 to 30 seconds, with the larger increases generally appearing in the higher separation radius cases. Each increase of one nautical mile resulted in roughly 10 extra seconds of delay per resolution maneuver except for the 3X case moving from six to nine nmi of separation. In that situation, each extra nautical mile added around 20 seconds of delay. The number of resolution attempts required for a given resolution increased by about 2 per nautical mile added, except in the 2X and 3X cases moving from six to nine nmi which had showed an increase of roughly 4 attempts per resolution.
Overall, these results will support work analyzing the overall costs and benefits of using a certain horizontal separation standard in the NAS. These data should give an approximation of anticipated AAC behavior to researchers who choose to examine something other than the current separation standard. The data should also help those who wish to do trade studies involving horizontal separation to understand the AAC portion of the equation.
